This review compiled the life cycle (LC) studies on ethanol produced via gasification of biomass centering on greenhouse gas (GHG) emission and production cost to discuss their potential environmental and socioeconomic impacts. Numerous efforts have been made to evaluate the LC of ethanol produced with biosynthesis (gasification-microbial fermentation) and chemical synthesis (gasification-catalytic synthesis) of syngas produced from biomass (hereafter referred to biosyngas), and deals with system boundary, feedstock, energy paths and utilization of by-products to determine the environmental impacts as well as the production cost. It seems that most of the LC studies were conducted based on different research targets. Most of the reviewed studies support the environmental and economic viability of ethanol except for a few examples. A wide variation was observed in the reported GHG emission and production cost of ethanol which are dependent on the system boundary and assumptions, feedstock, conversion technologies and plant sizes. Consequently, in-depth studies are needed for each stage of the LC of ethanol from biosyngas for any future investment, commercial production, and sustainability. Moreover, a careful consideration has to be placed on the land use change and soil quality and their rebound effects if lignocellulosic biomass is to be put to use in the ethanol industry. 
Introduction
The growing concerns about climate change, rising costs of fossil fuel, and the geo-political uncertainty associated with an uninterrupted energy supply have motivated individuals, organizations and nations to look for substitutes that are clean and renewable. Bioethanol is widely recognized alternative to fossil fuel. The Renewable Energy Regulation (SOR/2010-189) was enacted on July 1, 2011 in Canada which requires fuel producers and importers of gasoline to have renewable fuel content of at least 5% of distillates (by volume) that they produce and import yearly [1] . First generation biofuels (bioethanol and biodiesel) are produced from food or feed grains, thus compete with food or feed and contribute to higher food prices [2, 3] .
Lignocellulosic biomass is known to be abundant feedstock for lignocellulosic ethanol, hence, production of second generation ethanol from lignocellulosic biomass has been emphasized, because it does not compete with food or feed [4] [5] [6] [7] [8] .
Life cycle assessment (LCA) methodology is increasingly being used in decision making processes related to environmental technologies and policies, and has emerged A Review of Life Cycle of Ethanol Produced from Biosyngas
Impact assessment
In the impact assessment phase, the inventory results are assigned to different impact categories based on the expected types of impacts on the environment. Impact categories include global effects (global warming, ozone depletion etc.); regional effects (acidification, eutrophication, photo-oxidant formation etc.); local effects (nuisance, working conditions, effects of hazardous waste, effects of solid waste etc). Generally, impact assessment consists of the following elements: classification, characterization, normalization and valuation. Classification process assign and aggregate life cycle inventory (LCI) data into common impact groups. Characterization is the assessment of the magnitude of potential impacts of each inventory flow into its corresponding environmental impact (e.g., modeling the potential impact of carbon dioxide and methane on global warming).
Normalization process communicates impacts in ways that
can be compared (e.g., comparing the global warming impact of carbon dioxide and methane for the two options). Valuation process allocates the relative importance of environmental burdens identified in the classification, characterization, and normalization stages by weighting, which allows them to be compared or aggregated.
overall LCA framework and a well-defined inventory methodology [21] . The method is rapidly developed into an important tool for authorities, industries, and individuals in environmental sciences. A common methodological framework ("Version Zero") has been developed by the Global Bioenergy Partnership (GBEP) Task Force on GHG Methodologies that could be applied to the LCA of bioenergy production and compared to the full lifecycle of its fossil fuel equivalent to improve the transparency and acceptance of the results [22] . Although a common LCA methodology has been developed, it has both advantages and disadvantages. LCA methodology uses systematic approaches to identify and quantify the environmental consequences and analyze them to determine where significant improvement can be made. However, the accuracy of a LCA results depend on the quality and the availability of the relevant data. The LCA results are also dependent on assumption, system boundary, aim of the study, and the geographical location of the study, which hinders direct comparison among LCA studies.
The LCA methodology consists of four components: Goal definition and scoping, Inventory analysis, Impact assessment and Interpretation. Figure 1 shows the stages of an LCA [23] .
The purpose of an LCA can be: (1) comparison of alternative products, processes or services; (2) comparison of alternative LCs for a certain product or service; (3) identification of parts of the LC where the greatest improvements can be made.
Goal definition and scoping
Goal definition and scoping defines the purpose of the study, expected product, system boundary, functional unit (FU) and assumptions. The system boundary is often illustrated by a general input and output flow diagram which includes all operations that contribute to the life cycle of the product, process, or activity. A reference unit to which the inventory data are normalized is known as the functional unit (FU).
The FU depends on the environmental impact category and aims of the study. The functional unit is often based on the mass (kg) or volume (L) of the product under study; however, distance (km), land area (ha), energy (MJ) and economic values are also used. 
Gas cleanup
Gas cleanup steps are crucial for preventing both catalyst fouling and poisoning in the subsequent alcohol synthesis steps [45] . Gas cleanup and conditioning remove the problematic tars, chars, particulate matters and other contaminants which cause slagging and downstream process inhibitions. Cyclones, adsorption columns, water or oil scrubbers and various types of filters are some of the common biosyngas refining units [30, 46] .
Catalytic steam reforming or thermal cracking has also been used for gas cleanup [47] . and catalyst have also been used, which improve heat transfer and conversion rate of biomass in gasification processes [41, 42] . Low temperature operation results in higher selectivity (of Rh-Mn/SiO 2 ) to ethanol and lower methane formation [33] .
Biosyngas synthesis into ethanol
Increasing gasification pressure is noted to be economically more feasible than increasing the biosyngas pressure in downstream equipment [43] .
Thermodynamically, biosyngas can be converted into ethanol at 350°C and 30 bar [44] . The yield of ethanol depends upon the composition of biosyngas. Theoretically, one-third of the carbon from CO can be converted into ethanol in water gas shift reaction (Eq. 1), however two-thirds of the carbon from CO can be converted in an equimolar mixture of H 2 and CO (Eq. 3).
It is important to note that CO 2 can also be used by acetogens if H 2 is present (Eq. 2). The overall stoichiometric reaction for alcohol synthesis is summarized in the following equation energy or even produces it [58, 59] because of the implementation of multieffect columns followed by heat integration (hot and cold streams) in the process. MINLP approach is also used to evaluate the LC (cradle to grave) of ethanol from wood chips considering the environmental and social criteria. The synthesis gas is cleaned, cooled and fermented by using Clostridium ljungdahlii microorganisms. This study concluded that ethanol production from forest wood waste is not sustainable because of low ethanol yield and high emissions mainly from fermentation and waste wood collection [60] .
The thermochemical conversion of forest residues into ethanol is energy self-sufficient where forest residues are assumed to be a waste product (i. [56] , and resulting in higher ethanol yield in this process [38] .
LCA of ethanol produced from biosyngas
The growing concern about sustainability of ethanol produced The thermochemical process noted to have negative net fossil fuel consumption, consequently negative net GHG emissions [57, 58] if plant is designed as energy self-sustained and no mixed alcohol separation unit installed (i.e., some biosyngas is diverted for heat and electricity generation). The co-product credit (mainly from electricity export) offsets the energy consumption and GHG emissions in the LC of ethanol. Otherwise thermochemical conversion process resulted in positive fossil fuel consumption and GHG emission (approximately 0.4-0.5 kg CO 2 eq./L) [57] .
The ethanol production processes were modeled with the mixed-integer nonlinear programming (MINLP) and implemented in the GAMS modeling system to optimize the systems [58, 59] . Ethanol yield was reported to be greater in low pressure gasification process than that of high pressure thus reduce production cost. [58, 59] . The production cost is reported to be greater for gasification-fermentation route compared with gasificationcatalytic synthesis [79] . The production cost of ethanol has also been estimated for different feedstocks using the material and energy data modeled with Aspen Plus (v 2004.1; at the NREL, USA). The forest-based feedstocks including loblolly pine, natural hardwood and "eucalyptus" present more attractive financial returns when compared to switchgrass and corn stover, mainly due to their composition and alcohol yield [79] .
noted that introduction of energy crops for biofuels and the use of biofuels for heavy terrestrial transportation were responsible for most environmental impacts in the 2050 scenarios. Biodiesel production via Fischer-Tropsch is noted to be comparable with fossil diesel only for the global warming. In contrast, fossil diesel noted to be preferable over biodiesel for acidification, aquatic eutrophication and land occupation except global warming.
Also, land occupation increased to a range of 600-2100×10 6 m 2 per PJ depending on the amounts and types of energy crops introduced [69] . A comparative study of six different assessment scales and metric calculation techniques against the common biomass demand scenario revealed that assessment scale and metric calculation technique strongly influence the net GHG balance in woody biomass to energy conversion process [70] .
Although same gasification technology is used in most of the literature reviewed, a significant difference in GHG emission is observed. A thermochemical process has also been designed, simulated and optimized mainly with ASPEN Plus [32] and concluded that feedstock and biosyngas cleaning are the major contributors in the ethanol production cost followed by the feedstock. It is also noted that cost-competitive ethanol production can be realized with efficient equipment, optimized operation, cost-effective biosyngas cleaning technology, inexpensive raw material with low pretreatment cost, high performance catalysts, off-gas and methanol recycling, optimal systematic configuration and heat integration, and high value byproduct with a plant capacity around 200 MW. A wide variation of production cost was also reported by several authors where the lignocellulosic ethanol production by thermochemical gasification processes were modeled (most of the studies modeled with Aspen Plus software)
to estimate the production cost. The production cost varied from 0.27-1.25 $/L [24, 66, 75, [78] [79] [80] [81] [82] 100] . The feedstock and capital cost are identified to be main hotspots [80, 82] . Although most of the theoretical studies (modeled with Aspen Plus software)
noted that the thermochemical conversion of lignocellulosic 
Discussion
Although biomass has a closed CO 2 cycle, external fossil fuel inputs are required to produce and harvest, process and transport feedstock, thus there are GHG emissions in its LC largely from the production stages of lignocellulosic ethanol [11] . Consequently, efficient logistics are needed to ensure competitive biomass supply. The production of lignocellulosic ethanol is limited by the amount of plant matter which can be sustainably produced and harvested [83] . Policies on land use should consider crop and landscape diversity, potential impacts to primary and secondary habitats, and impacts on climate change [84] . In addition, the harvest of biomass may lead to a change in carbon stored above and below ground [11, [85] [86] [87] . The increasing intensity of biomass harvest from existing agricultural and forest systems, and the replacement pastures with short rotation energy crops may deplete soil carbon [88] and affect productivity, a greater constraint to environmentally sustainable cellulosic feedstock harvest [89] . Converting croplands, grasslands or forest land to produce energy crops may also lead to an increase rather than a decrease in GHG emissions [90] [91] [92] . In contrast, production of short rotation perennial grasses such as switchgrass results in substantial build-up of carbon in the soil [93] [94] [95] [96] .
Commercial biofuel production may also target higher-quality lands, due to better profit margins and may therefore push the cereals and subsistence crops to the low-quality land. As a consequence, farm income, government payments and food prices will also change. Recently, United Nations urged USA to reduce the production of ethanol from food crops, especially from corn to combat/mitigate the growing demand for food.
Hence, biofuel feedstock must be produced through biomass plantations on agriculturally surplus/marginal soils or degraded/ desertified soils which do not compete with those dedicated to food crop production. Most of the studies reviewed noted that the thermochemical conversion of biomass into ethanol would be competitive with the fossil ethanol except for a few examples [97, 98] , where authors concluded that the production of biofuels was not competitive with oil unless subsidized by or benefiting from tax credits. If crop residues are to be put to use in the ethanol industry, careful consideration should also be placed on maintaining soil organic carbon to avoid productivity loss and soil degradation and land allocation.
It is worthy to note that like all other ethanol studies (1 st and 2 nd generation), biomass biosyngas into ethanol studies are also centered to the National Renewable Energy Laboratory (USA) efforts where remarkable breakthroughs were made in critical areas based on different research targets. Tilman et al. [99] reported that the biofuels policy in the USA has become increasingly polarized, and political influence seems to be trumping science. The best available science and updated information should be used to evaluate the extent to which various biofuels achieve their multiple objectives. Concerns over sustainability and perceptions about negative impacts of ethanol in particular, are growing and result in the closer scrutiny of policies designed to expand bioenergy use. Although there
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